S
ubarachnoid hemorrhage (SAH) from a ruptured intracranial aneurysm affects approximately 600 000 patients worldwide 1 and 7000 patients within the United Kingdom 2 each year. Despite considerable advances in treatment, the condition is associated with a disproportionate (25%) loss of productive life and cost to society affecting a young age group. 3 Combined morbidity and mortality reach 50%, with one-third of survivors becoming dependent. 4 Late clinical deterioration is associated with morbidity and mortality, the causes of which are multifactorial. The most recognized contributor to clinical deterioration and unfavorable outcome is delayed cerebral ischemia. Although phase II randomized controlled trials suggested a potential role for statin therapy in SAH, [5] [6] [7] [8] a large placebo-controlled and blinded phase III study showed no benefit for simvastatin 40 mg in either the long-term or short-term outcome of patients with aneurysmal subarachnoid hemorrhage (STASH Trial). 9 In addition to delayed cerebral ischemia, there are a number of non-neurological systemic complications that often occur post SAH and which can contribute to poor outcome, including sepsis, anemia, hypertension, hypotension, hyperglycemia, hypernatremia, hyponatremia, hypomagnesemia, and cardiac complications. 2, 10 Many of these complications could be attributed to poor neurological status on admission. However, there remains a group of patients who present with a good World Federation of Neurological Surgeons (WFNS) grade who unpredictably deteriorate with a poor outcome. In this group there is a need for early recognition and close monitoring, opening up the opportunity to earlier intervention.
In a post hoc study of the STASH data, we explored whether biochemical markers sampled soon after the time of initial hemorrhage are predictive of a subsequent poor outcome, hence providing a simple and readily accessible indication of who in the population of good grade SAH patients are likely to worsen.
METHODS Study Population
Patients were recruited from 35 neurosurgical units (23 in the United Kingdom and 12 non-United Kingdom sites) between 2007 and 2013. 9 Laboratory data were extracted from the STASH database. Approval for the study was granted by the Berkshire Research Ethics Committee (06/ MRE12/26) and the Medicine and Healthcare products Regulatory Agency, MHRA (2006-000277-30 ). Inclusion criteria were radiological confirmatory evidence of an SAH, age 18 to 65 years, and presentation less than 96 hours from ictus. Exclusion criteria were patient taking statin therapy at presentation, pregnancy, no reasonable prospect of survival, known renal or hepatic impairment, patient not fully independent before bleed, strong suspicion of drug or alcohol misuse, patient unlikely to be amenable to follow-up, patient taking warfarin-type drugs or contraindicated medications or suspected additional life-threatening disease.
Baseline Data
Baseline data included age, sex, ethnic origin, and WFNS grade on presentation to the neurosurgical unit. Radiological data included Fisher grade on computed tomography (CT), presence of intraparenchymal or intraventricular bleed, presence of hydrocephalus (requiring external ventricular drainage [EVD] ), and aneurysm location. The Fisher grading was determined as described in the original publication, 9 in conjunction with a radiologist at each local participating site, after review of the imaging. The extent of intracerebral or intraventricular involvement was not prescriptive; however, it was assumed to be diagnostic of grade 4.
Laboratory Tests
All patients had biochemical profiles taken at trial entry, prior to randomization (baseline values) and again between days 9 to 12 post randomization (late values). Recorded parameters were liver function: C-reactive protein (CRP), bilirubin, alanine aminotransferase (ALT), alkaline phosphatase (ALP), albumin, glucose, and magnesium; kidney function: creatine kinase (CK), sodium and potassium; lipid profile: total cholesterol, low-density lipoprotein, high-density lipoprotein and triglycerides; and blood profile: hematocrit, hemoglobin, WBC (white blood cells) and platelets and fibrinogen. Patients who were discharged prior to day 9 did not receive a second biochemical profile. Suspected adverse events were reviewed on an individual patient basis.
Outcome Measure
The modified Rankin Scale (mRS) was dichotomized to good (mRS 0-2) and poor outcome (mRS 3-6) at discharge and again at 6 months post ictus. The scale was in the form of a simplified questionnaire which was assessed by a clinician at outcome and by postal questionnaire at 6 months, which was verified using the Lindsay Wilson structured questionnaire.
Statistical Analysis
All analyses were on an intention-to-treat basis. Data were presented as mean 6 standard deviation and 95% confidence interval. Analyses were performed using SPSS statistical software (IBM Corporation, Armonk, New York). The t-test was used to compare the biochemical markers between outcome groups. The biochemical parameters that reached significance along with recognized clinical factors known to affect outcome were assessed using a backwards likelihood ratio (LR) stepwise multivariable binary logistic regression to determine independent predictors of unfavorable outcome at discharge and at 6 months. The odds ratio was calculated and presented with 95% CI. P values less than 0.05 were considered to be statistically significant.
RESULTS

Demographics
Data from 803 patients are outlined in Table 1 . For the study, 2066 patients did not meet the entry criteria; the major exclusions were age (over 65 years), taking statin therapy at presentation, and time from ictus to admission .96 hours. The majority of patients were good grade on admission (WFNS grades 1 or 2, 588 out of 803 patients, 73%); however, 84% (673 out of 803) had a Fisher grade 3 or 4 on a CT scan.
Observational Sample Data
Baseline biochemical data were obtained in approximately 91% of cases ( Table 2 ). The mean time from ictus to randomization was 2.1 days (SD 1.0). Table 3 shows the mean values of the baseline biochemical parameters for patients who were classified as good outcome (mRS 1-2) vs poor outcome (mRS 3-6) at discharge. Baseline measures of CRP, CK, sodium, potassium, glucose, magnesium, and WBC showed elevated levels in patients with poor outcome compared to good outcome at discharge.
Likewise, lower levels of bilirubin and albumin were associated with poor outcome. For those patients presenting with good grade on admission (Table 4) , higher baseline levels of CRP, glucose, and WBC and lower levels of hematocrit, albumin, and hemoglobin were the biochemical measures associated with an eventual poor outcome.
The mean CRP levels for good grade patients categorized by outcome and grouped by post-ictal day are shown in Table 5 . For the good outcome group, the values were 12.25 mg/L and 20.95 mg/L on post-ictal day 1 and 3, respectively. The corresponding values for patients with poor outcome were 32.55 mg/L and 42.84 mg/L. The difference in these values was highly significant on days 1, 2, and 3, but not day 4 post ictus (P = .003, 0.01, 0.002, and 0.30, respectively).
Regression Analysis
Binary logistic regression identified baseline CRP, potassium, glucose, and WBC to be independently related to poor outcome at discharge, along with age, WFNS status, and Fisher CT grading on admission (Table 6 ). Other imaging parameters related to the magnitude of the bleed such as intraventricular and intraparenchymal hemorrhage were not found to be predictive of outcome. Importantly, when only patients presenting with WFNS 1 and 2 were analyzed, only baseline CRP was found to be an independent biochemical predictor of outcome (Table 7) . An additional multivariate model was applied, including sepsis, statin and placebo, white cell count, and CRP on day 9, to determine whether elevated CRP is related to outcome independent of infection and sepsis. We found baseline CRP (odd ratio [OR] 1.02; 95% CI 1.01-1.02; P = .002) to be an independent predictor of outcome at discharge. This was not the case for late day 9 CRP values (OR 1.00; 95% CI 1.00-1.01; P = .053). Statins showed no significant effect on CRP (mean day 9 CRP in statin group, 33.67 mg/L and in the placebo group 31.76 mg/L, P = .64).
For clinical outcome at 6 months, CRP remained an independent predictor for all patients, but not for good grade patients alone (Tables 8 and 9 ).
Defining CRP Thresholds
To select an arbitrary CRP threshold for outcome prediction, receiver operating characteristic (ROC) curve analysis determined sensitivity and specificity for each epoch post ictus (Figure) .
Patients who had samples taken within 24 hours of ictus and on day 4 post ictus were omitted from the ROC curve analysis, as the numbers in these groups were small (11 and 56, respectively) . Table 10 shows the corresponding values for baseline CRP in each epoch with the associated predictive sensitivity and specificity values. For example, a baseline CRP level of 17.5 mg/L on day 1 post ictus would predict poor outcome at discharge with a confidence level of 58% sensitivity and 79% specificity, whereas on day 3 post ictus, a threshold of 20.5 mg/L would predict poor outcome with a confidence level of 65% sensitivity and 68% specificity.
DISCUSSION
While the outcomes after SAH have significantly improved during the past 2 decades, the condition is still associated with relatively high levels of mortality and morbidity. 11, 12 Providing a simple and reliable method for earlier prediction of clinical deterioration, particularly in good grade patients, would have a significant bearing on targeted escalation of observation and therapy.
In this study, using data from the STASH trial, we have identified a number of biochemical parameters that showed differences in patients achieving favorable vs unfavorable outcome. Of these, CRP remained the dominant independent variable associated with poor outcome at discharge, independently of age, WFNS grade, and the Fisher grade. Because CRP is a sensitive marker of a systemic inflammatory reaction, 13, 14 this observation has a common and partly understood pathophysiological basis. Inflammation is regarded to be an important factor influencing outcome after aneurysmal SAH and has been demonstrated to play a role in early brain injury after SAH. 15 Although elevated baseline CRP in relation to poor outcome after an SAH has been previously documented, [16] [17] [18] [19] [20] the relevance of an elevated baseline CRP on outcome in good grade patients has not been previously demonstrated.
We recognize that there are numerous potential explanations for increased CRP after SAH, most notably development of sepsis, which is known to adversely influence outcome. In the present study we aimed to analyze the admission parameters at a time point where 
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infection is unlikely to be present. When assessed in a multivariate model, baseline CRP and sepsis were both independent predictors of outcome. Furthermore, a continuous rise in CRP on consecutive days after SAH was seen in both the good as well as the poor outcome groups, suggesting that a systemic inflammatory response is playing an active part independently of sepsis. The actual time-from-ictus to baseline sampling ranged from ,24 hours (day 0) to 96 hours (day 4) post ictus. This is in contrast to previous studies such as Juvela et al 20 where CRP values were obtained within 48 hours of ictus or Romero et al 19 where CRP values were obtained ,24 hours post ictus. These time epochs explain the differences in absolute values of CRP recorded in the respective studies. We have not included later (post day 4) CRP values in this analysis, as our objective was to identify early biochemical markers. Furthermore, later samples are more likely to be contaminated by evolving sepsis.
We examined ROC curves to determine a clinical baseline CRP threshold as a predictor of poor outcome. As expected, selecting higher baseline CRP thresholds caused a decrease in sensitivity and increase in specificity; however, the sensitivity range at each time interval was not consistent. The likelihood of predicting poor outcome at most CRP levels seemed to have higher sensitivity on day 1 and day 3 when compared to day 2, no doubt a reflection of the relatively small numbers in each epoch.
The presented data suggest that an elevated baseline CRP was both an early and an independent predictor of outcome. Importantly, this observation was apparent when only the good grade patients were analyzed. This suggests that the observed inflammatory response was not only a reflection of the severity of the initial ictus determining presentation grade, but also of a potentially progressive condition in good grade patients. Larger numbers with consistent timing in CRP evaluation is required to identify a more definitive level of CRP that predicts deterioration in the early stage post hemorrhage. Clearly, the earlier the measurable rise in CRP, the more likely it will serve as a valuable predictor, allowing time for intervention. On that note, we are encouraged that rises in CRP were seen so early after the initial ictus.
As these data was derived from the STASH trial, 9 we included the potential effect of statin therapy on the measured parameters. Statins had no influence, and given that the trial drug was started after the baseline blood samples were taken, these tests were not contaminated by any theoretical statin effect.
A number of publications describe the role of biomarkers as a precursor to clinical deterioration after a subarachnoid hemorrhage. However, their role is unclear. Lad et al 21 reviewed 27 articles in relation to a number of potential markers, none of which have been established as a biomarker for diagnosing preclinical vasospasm or monitoring its progression. In contrast to our findings, McMahon et al 22 determined the incidence of raised biomarkers including IL-6 and CRP as a precursor to cerebral vasospasm. They analyzed samples up to 13 days post angiography and found an elevation in interleukin-6 but not CRP reflected impending cerebral ischemia; however, their endpoint was delayed cerebral ischemia, not outcome, and the numbers were relatively small.
Limitations
A limitation of this study is that the data presented were the result of a post hoc analysis. However, the results imply that prospective early recording of CRP may prove useful in detecting those good grade patients who are at an increased risk of clinical deterioration.
If verified, besides providing an obvious clinical utility, identification of patients at risk of deterioration using early measures of CRP could prove useful in the design of clinical trials in SAH. Another limitation is the timing of the outcome measure. It is well recognized that patients improve their outcome score between discharge and 6 months; hence, any early treatment gain is diluted. This may explain why baseline CRP was only predictive of outcome in the good grade patients at discharge. Early measures of clinical well-being may prove a more useful way to measure outcomes in studies of this type, affording the opportunity of demonstrating influences on speed of recovery, need for rehabilitation, and time to discharge home.
CONCLUSION
The post hoc analysis of biochemical data derived from the STASH study has shown that baseline CRP levels may have predictive value in identifying good grade patient who are at greater risk of a clinical deterioration. A targeted prospective study is required to validate and quantify this observation. Good grade patients on admission and poor outcome at discharge.
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COMMENTS
B
ecause aneurysmal subarachnoid hemorrhage (SAH) is still a serious disease despite improvement of treatment options, all available data should be used to reveal prognostic factors for outcome as well as for knowledge of pathophysiological mechanisms of clinical deterioration. Common inexpensive laboratory markers that are in routine clinical use may be more beneficial than expensive methods without validation.
C-reactive protein (CRP) is an acute phase sensitive, nonspecific inflammatory marker and initiating factor of inflammation and infection. Previous large studies including meta-analyses indicate that elevated CRP levels increase modestly and independent of confounding factors risk for coronary heart disease as well as for both vascular and nonvascular mortality.
1,2 CRP levels also predict risk for ischemic stroke, but no more after adjustment for risk factors (hypertension, cigarette smoking, diabetes, and heart disease), as CRP levels correlate with these risk factors. 2 Elevated CRP values seen within 2 days after bleeding correlate with outcome, but do not seem to predict delayed cerebral ischemia or infarction after SAH. 3, 4 Similar correlation between CRP levels obtained within 24 hours after primary intracerebral hemorrhage and outcome has been observed. 5 These associations have been independent of clinical and radiological severity of bleeding and of prehemorrhage confounding factors (hypertension, cigarette smoking, diabetes, and heart disease). Prognostic value of CRP levels obtained later than 3 to 4 days after bleeding decreases significantly because the levels are affected by severity of clinical symptoms and infections (sepsis and pneumonia).
